Introduction
============

Dental research has revealed the importance of 3-dimensional (3D) imaging in the clinical field and in researching different materials.[@B1] Micro-computed tomography (micro-CT) is a 3D, non-destructive imaging method that is considered the gold standard for *in vitro* applications,[@B2] since it provides more detailed information than other imaging modalities about small structures.[@B3] Micro-CT has often been used to assess cement volume[@B4][@B5] and to determine obturation porosity.[@B6][@B7] However, the imaging-based evaluation of dental materials still poses a challenge in some cases, since the currently available cements can generate artifacts, which decrease overall image quality.[@B2] Moreover, there is a lack of standardization of image-processing parameters, which can influence the results of research.

Segmentation of the region of interest influences the accuracy of analyses of micro-CT images.[@B8] Several segmentation methods are available and may have distinct influences on the outcomes.[@B9] Manual segmentation is a time-consuming task requiring an experienced operator, with low repeatability and reproducibility.[@B10] Conversely, semi-automatic and automatic methods are faster, and new, less operator-dependent mathematical processing algorithms are being developed to process large volumes of data.[@B11]

Image analysis is a fundamental part of research after the image segmentation step.[@B12] Morphometric indices can be derived from either a simple voxel-counting method or more advanced volume-rendering methods. Various manufacturers provide different software packages that can be used to compute these indices.[@B13]

The demands placed on image segmentation and analysis become even more stringent when the image quality is limited due to low spatial resolution and contrast, or a large amount of noise.[@B14] In this challenging situation, improved image resolution may assist the computer (algorithm) to better define the boundaries of regions and structures.[@B11][@B15][@B16][@B17] Although high resolution provides some advantages, such as greater precision,[@B18] the drawback is that it requires a greater amount of data, a longer scanning time, and more intensive analysis,[@B19] resulting in higher costs and longer rendering times.

Imaging processing parameters for evaluating the volume and porosity of dental materials using micro-CT have still not been standardized. Consequently, researchers have not been able to assess the differences observed in imaging investigations using different spatial resolutions or software to perform the analyses. Recommendations for imaging protocols are needed to reduce measurement error and scanning time.[@B20] Thus, the aim of this study was to evaluate the impact of voxel size and different post-processing algorithms on the precision of measurements of the volume and porosity of dental materials.

Materials and Methods
=====================

Specimen preparation
--------------------

After obtaining approval from the Institutional Ethics Committee (Registration number \#CAAE: 9779617.5.0000.5416), 12 extracted 2-rooted maxillary premolars without any anomalies in the root canal system were selected. Root-end resection was performed at 90° from the long axis of the root, approximately 3 mm from the apex. After apicectomy, 3.0-mm deep cavities were prepared using an Ultrawave device (Ultrawave XS, Ultradent, South Jordan, UT, USA) with a T1F-R ultrasonic retrotip (CVD-Vale, São José dos Campos, SP, Brazil).

The teeth were divided randomly into 3 groups, and the cavities were filled with mineral trioxide aggregate (MTA) (Angelus, Londrina, PR, Brazil), Biodentine (Septodont, Saint Maur des Fosses, France) or Intermediate Restorative Material (IRM) (Dentsply DeTrey, Konstanz, Germany) by a single, previously trained and calibrated operator. The materials were mixed according to the respective manufacturer\'s instructions. The samples were kept in an oven at 37℃ and 95% humidity for 3 times longer than their recommended setting time.

Image acquisition and reconstruction
------------------------------------

The specimens were scanned using micro-CT (SkyScan 1272, Bruker, Kontich, Belgium) with the following acquisition parameters: 5 µm voxel size, 100 kVp, 100 µA, 0.11 mm copper filter, 4 frame average, and 180° rotation. The datasets were reconstructed using NRecon software (v1.6.10.4; Bruker, Kontich, Belgium). The correction parameters were 40% for smoothing, 25% for beam hardening, and 25% for ring artifacts. All the datasets were exported using the Digital Imaging and Communications in Medicine file format with an isotropic voxel size of 5 µm. A schematic illustration of specimen preparation and evaluation is presented in [Figure 1](#F1){ref-type="fig"}.

Image segmentation and volume calculation
-----------------------------------------

The filling materials were segmented and their total volume was recorded at 5, 10, and 20 µm. Segmentation was performed using 2 different protocols. The CTAn (V1.15.4.0; Bruker, Kontich, Belgium) protocol uses adaptive thresholding, bearing in mind that segmentation can be improved by using local threshold values instead of a single global threshold value.[@B21] In this method, the examiner segments the images visually, and records the threshold values for each sample.[@B9] The MeVisLab (MeVis Research, Bremen, Germany) protocol uses a semi-interactive livewire boundary extraction,[@B10] in which the user moves the mouse from a manually selected point, and a livewire boundary selects and wraps around the object of interest. New points are then selected, until the boundary has been delimited and the area has been segmented.[@B22] This method creates a set of orthogonal contours, and then applies a variational interpolation algorithm that reconstructs the surface of the object,[@B23][@B24] providing an interactive segmentation that combines examiner recognition to outperform the ability of the computer itself to achieve synergistic delineation.[@B22]

After segmentation using MeVisLab, the reconstructed 3D surfaces were exported to 3-matic (Materialise; Leuven, Belgium) for volume quantification and morphological analysis by superimposition of the reconstructed 3D surfaces (5, 10, and 20 µm) to obtain a color-coded map showing the surface deviation of the segmented objects.

Porosity analysis of the materials
----------------------------------

After segmentation by CTAn, the porosity of each material was calculated using the same package. In comparison, after the material was segmented using MeVisLab, the image was exported to Amira (Amira, FEI Visualization Sciences Group, Merignac, France) to calculate porosity. The pores were segmented using top-hat transformation.

Statistical analysis
--------------------

All data were analyzed with the GraphPad Prism 7.00 statistical software package (GraphPad Software, La Jolla, CA, USA). One-way analysis of variance was used to evaluate the statistical significance of differences according to voxel size, as well as differences in the volume and porosity measurements using various software packages at 5, 10, and 20 µm. The level of significance was set at *P*\<0.05.

Results
=======

Volume of the materials
-----------------------

[Table 1](#T1){ref-type="table"} presents the volume measurements. MTA and IRM showed significantly higher volume results only when analyzed at 20 µm by CTAn, whereas Biodentine had different results at all voxel sizes (*P*\<0.05). The same results were observed in the comparison between software packages; that is, the images for MTA and IRM were only significantly different at 20 µm, whereas the values obtained for Biodentine were different at all voxel sizes for each software program (*P*\<0.05). The increase in volume with increasing voxel size was statistically significant for all 3 cements when MeVisLab/Materialise 3-matic was used (*P*\<0.05) ([Table 1](#T1){ref-type="table"}). [Figure 2](#F2){ref-type="fig"} shows the 3D models of each material at 5, 10, and 20 µm, before and after superimposition using a color map that shows the increase in volume (mm) when the voxel size was increased.

Porosity of the materials
-------------------------

The results for porosity, considering all voxel sizes and software packages, are presented in [Table 1](#T1){ref-type="table"}. Unlike volume, the porosity of the materials decreased as voxel size increased ([Table 1](#T1){ref-type="table"}). [Figure 3](#F3){ref-type="fig"} shows 3D models representing the porosity of each material observed at 5, 10, and 20 µm, with a color map that shows the thickness (mm) of the pores. According to CTAn, the porosity of MTA, IRM, and Biodentine showed significant differences according to voxel size (*P*\<0.05). According to the MeVisLab/Amira software, the porosity values for MTA and IRM were significantly different at 5 µm (*P*\<0.05), whereas the values at 10 and 20 µm were similar (*P*\>0.05). Biodentine showed different results at 20 µm (*P*\<0.05).

The values obtained for MTA and IRM using CTAn and MeVisLab/Amira were similar (*P*\>0.05). In contrast, Biodentine showed significant differences according to the image analysis program used, independently of the voxel size (*P*\<0.05).

Discussion
==========

The evaluation of the volumetric and morphological stability and porosity of dental materials may play an important role in determining the most appropriate material for each treatment, thereby contributing to improvements in the clinical success rate over time. Many physicochemical properties of dental materials are poorly investigated, and the data published in the literature are controversial.[@B25]

In recent years, many innovative advances have occurred in high-resolution imaging modalities and in image post-processing procedures.[@B26] High-resolution micro-CT imaging has been widely applied to evaluate dental materials using different approaches for image acquisition, image assessment, and outcome reporting. However, this has led to a lack of consistency that makes it difficult to interpret results and to compare findings across different studies.[@B13] The current study shows that voxel size and post-processing algorithms influenced measurements of the volume and porosity of dental materials using micro-CT images.

Regarding the impact of voxel size on volumetric analyses of materials, increasing the voxel size from 5 to 10 µm resulted in increased volume, with an error of approximately 1% and 4% using CTAn and MeVisLab/Materialise 3-matic software, respectively. At 20 µm, the error increased to 2% using CTAn, and to 13% using MeVisLab/Materialise 3-matic. Moreover, when Biodentine was used - as a material with low radiopacity[@B27] - the differences according to voxel size and software package became more evident.

These findings can be attributed to the partial volume effect that occurs when neighboring voxels include multiple materials. During image acquisition, anatomical structures are distinguished by their radiographic density. Therefore, voxels at the external surface of the sample may contain the densities of 2 materials.[@B28][@B29][@B30] Although parameters for image correction (smoothing, correction of beam hardening, and correction of ring artifacts) can be applied during the reconstruction of the images, the application of artifact reduction tools to micro-CT images might not have any significant influence on objective image analyses.[@B31] Hence, lower spatial resolution associated with low contrast between structures[@B32] may induce this kind of error, resulting in overestimation of some parameters, including thickness and volume.[@B33]

Conversely, porosity decreased as voxel size increased. A decrease of approximately 7% in porosity in response to increasing the voxel size from 5 to 10 µm was observed using CTAn, and the corresponding decrease was 12% using MeVisLab/Amira. When images with 20-µm voxels were evaluated, reductions in porosity of up to 26% and 24% were observed using CTAn and MeVisLab/Amira, respectively. This variation occurred because resolutions exceeding the dimensions of micropores, or very thin structures, preclude the visualization of small features.[@B3][@B34]

The fact that high porosity may be associated with a decrease in the flexural strength of dental materials[@B6] makes the evaluation of this property clinically valuable. Accordingly, using a high resolution can help researchers better distinguish small pores and voids inside cements.[@B35] In accordance with our results, other studies have demonstrated that cortical bone porosity measurements depend on voxel size[@B16] and have suggested a voxel size of 11.2 µm as a cutoff value for the evaluation of root canal filling voids.[@B36]

The differences observed in the current study highlight the influence of the post-processing algorithms on the analysis of dental materials by micro-CT.[@B37] Thresholding can be performed by simple global methods or by adaptive methods using CTAn software.[@B9] Our study used the adaptive method because it applies local threshold values instead of a single global method. As a result, segmentation could be improved by determining the optimal threshold value of each voxel within its neighborhood.[@B21] Segmentation using MeVisLab was performed by applying interactive livewire boundary extraction to select the region of interest from the surrounding area.[@B24] This is an interactive tool that provides efficient, accurate, and reproducible boundary extraction.[@B10]

Image analysis is the next most critical step after segmentation. Different algorithms have been developed to compute several indices.[@B13] When performing a 3D morphometric analysis using CTAn, the marching cubes algorithm is used to calculate values for surfaces and volumes, ensuring more accurate measurements than simple pixel counting techniques. This algorithm is a traditional method preferred for its simplicity and efficiency.[@B38] Volume analysis using Materialise 3-matic was performed by importing an STL file after segmentation of the dental materials using MeVisLab. Since STL files are surface representations, a tetrahedral volume was generated from the triangle surface mesh to perform the analysis in 3-matic. This method allows the user to determine what parameters and settings are most important, depending on the application and the user\'s preferences. The resulting algorithm produces an effective assessment.[@B39]

The segmented images acquired with MeVisLab were also used to perform porosity analysis by Amira. The black top-hat transform algorithm was applied in this software to perform pore segmentation. Total porosity was then calculated as a percentage of the overall volume. Black top-hat transformation is an image-processing technique for extracting dark features on a variable background that offers more accurate volume estimations.[@B40]

The smallest possible voxel size should preferably be used for scans of small structures in order to maximize the accuracy of the measurements.[@B18][@B21][@B41][@B42] However, higher-resolution scans require longer acquisition times, because they must collect more projections and generate large datasets. Therefore, the tradeoff between voxel size and scan time should be carefully considered.[@B13] It is important to emphasize that the variations in the values obtained using different software packages were more meaningful when larger voxels were used. Nevertheless, although our results show that smaller voxel sizes are advantageous, the use of larger voxels should not be discouraged when appropriate.

In conclusion, a micro-CT analysis of the volume and porosity of dental materials showed distinct outcomes based on voxel size, the post-processing algorithm, and the radiopacity of the material. The similarities among the software-based outcomes and the reliability of the results increased with smaller voxel sizes and more radiopaque materials. Therefore, consistent protocols are critical for making inter-study comparisons of micro-CT results, and analyses using standardized protocols should be performed to ensure the selection of the best-indicated dental material for a given purpose.
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![Schematic figure represents tooth preparation and evaluation of the materials. Root-end resection was performed at 90° from the long axis of the root, approximately 3 mm from the apex. Thus, 3.0-mm-deep cavities were prepared and filled with the root-end filling materials. The materials were assessed after micro-computed tomography scanning and image reconstruction.](isd-50-161-g001){#F1}

![Three-dimensional models of MTA, Biodentine, and IRM at 5 µm (the small cube represents the smaller voxel size; white), 10 µm (the medium cube represents the medium voxel size; gray), 20 µm (the large cube represents the larger voxel size; black), and after superimposition between 5 and 10 µm and between 5 and 20 µm voxels. The color map shows the increase in volume (mm) after superimposition. MTA, mineral trioxide aggregate; IRM, Intermediate Restorative Material.](isd-50-161-g002){#F2}

![Three-dimensional models represent the porosity of the MTA, Biodentine, and IRM cements at 5 µm (the small cube represents the smaller voxel size), 10 µm (the medium cube represents the medium voxel size), and 20 µm (the large cube represents the larger voxel size). The color map shows the thickness (mm) of the pores.](isd-50-161-g003){#F3}

###### Volume and porosity values using different voxel sizes and software packages to analyze the dental materials
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^\*^: *P*\<0.05 among the voxel sizes, ^†^: *P*\<0.05 between the software packages
